Doppler echocardiography was used to evaluate blood flow in the pulmonary artery in 14 patients 2 to 42 months (mean (SD) 17 (12) months) after a modified Fontan operation incorporating a direct atriopulmonary anastomosis. Preoperatively six patients had tricuspid atresia, six had a double inlet left ventricle, and two had pulmonary atresia with an intact ventricular septum. The postoperative rhythm was sinus in 11 patients, junctional in one, ventricular pacing in one, and atrioventricular sequential pacing in one. In one patient the Doppler trace was unsatisfactory for analysis. In all patients forward flow in the pulmonary artery had biphasic peaks related to both atrial and ventricular contraction. The mean (SD) peak flow velocity that was synchronous with atrial contraction was 80 (30) cm/s and that synchronous with ventricular contraction was 74 (23) cm/s.
Abstract
Doppler echocardiography was used to evaluate blood flow in the pulmonary artery in 14 patients 2 to 42 months (mean (SD) 17 (12) months) after a modified Fontan operation incorporating a direct atriopulmonary anastomosis. Preoperatively six patients had tricuspid atresia, six had a double inlet left ventricle, and two had pulmonary atresia with an intact ventricular septum. The postoperative rhythm was sinus in 11 patients, junctional in one, ventricular pacing in one, and atrioventricular sequential pacing in one. In one patient the Doppler trace was unsatisfactory for analysis. In all patients forward flow in the pulmonary artery had biphasic peaks related to both atrial and ventricular contraction. The mean (SD) peak flow velocity that was synchronous with atrial contraction was 80 (30) cm/s and that synchronous with ventricular contraction was 74 (23) cm/s.
The atrial contribution to total pulmonary artery flow, assessed by velocity-time integrals, varied between 22% and 73% (mean (SD) 45 (14)%). In patients with tricuspid atresia the mean (SD) peak flow velocity with atrial contraction was 90 (27) cm/s and that with ventricular contraction was mean (SD) 68 (24) cm/s. In patients with double inlet left ventricle the mean (SD) peak flow velocity was 67 (36) cm/s with atrial contraction and 80 (25) cm/s with ventricular contraction. The atrial contribution to total pulmonary blood flow in patients with tricuspid atresia was significantly higher (53 (11)%) than in those with double inlet left ventricle (37 (14)%).
Pulmonary artery flow after modified Fontan operation was biphasic and was related to both atrial and ventricular contraction. The atrial contribution to pulmonary blood flow is greater in patients with tricuspid atresia than in those with a double inlet left ventricle. The mechanism of the second peak related to ventricular contraction is unknown.
Several technical modifications of the original Fontan Six patients had tricuspid atresia. Four of these had associated pulmonary or subpulmonary stenosis and one had an absent pulmonary valve with intact ventricular septum. All five patients with reduced pulmonary blood flow had undergone palliative systemic-pulmonary artery shunts. The remaining patient had banding of the pulmonary trunk to reduce excessive pulmonary blood flow in infancy. Six patients had double inlet left ventricle. Two of the three with pulmonary or subpulmonary stenosis had been palliated with systemic-pulmonary artery shunts while three with unrestricted pulmonary blood flow had previous banding of the pulmonary trunk. Two patients had pulmonary atresia with intact ventricular septum. Both of these had undergone previous systemic-pulmonary artery shunts.
A direct posterior non-valved atriopulmonary anastomosis was constructed between the undivided superior vena cava, right atrium, and roof of the left atrium and the pulmonary arteries in 12 were divided into two groups for the analysis; those with tricuspid atresia were compared (by unpaired t tests) with those with a double inlet left ventricle.
Results
In all the patients forward flow in the pulmonary artery had two peaks. Diastolic forward flow started at the second heart sound and was usually of low velocity. This was considered to be due to passive venous return into the pulmonary artery. Augmentation of the forward flow velocities then occurred; this began with the P wave, reached its peak between the P wave and the peak of the R wave, and returned to the baseline at the onset of the first heart sound. A second peak was seen during ventricular systole between the first and second heart sounds. In patients with tricuspid atresia the peak velocity after atrial contraction was higher than that after ventricular contraction; in contrast, in patients with double inlet left ventricle the pattern was reversed ( fig 1A  and B) . In one patient with junctional rhythm the P wave was masked by the QRS complex. Peak forward flow in this patient occurred in early ventricular systole (due to atrial contraction) and a further peak occurred in ventricular diastole with passive venous filling (fig 2) . In one patient with ventricular paced rhythm for postoperative complete heart block, there were, in addition to a' dominant forward flow peak occurring with ventricular systole, separate peaks unrelated to ventricular systole and caused by atrial contraction (fig 3) .
Peak flow velocity in the pulmonary artery synchronous with atrial contraction was Our measurements showed important differences between the patients with tricuspid or pulmonary atresia and double inlet left ventricle. The previous reports showed that the pulmonary artery flow was biphasic and these phases were related to atrial contraction and passive venous filling. In our study the second phase was consistently related to ventricular systole, which was followed by non-pulsatile low velocity flow caused by passive venous filling. These differences have not been emphasised before. We found that right atrial contraction, while contributing significantly to the total pulmonary blood flow in both groups of our patients, made a greater contribution to the pulmonary flow in patients with tricuspid atresia than in those with double inlet left ventricle. This may have been because higher atrial pressures cause greater right atrial hypertrophy. However, the mechanism of the second phase of flow that was synchronous with ventricular systole is not clear. DiSessa et al suggested that the second phase may have been the result either of right atrial relaxation and vena caval blood flowing into the pulmonary artery or filling of the left atrium from the pulmonary venous bed, which was in turn filled by flow from the pulmonary artery.9 However, our study showed that this flow occurred only during ventricular systole and was also pulsatile. This suggests "active" rather than "passive" flow into the pulmonary artery. In one of our patients with double inlet left ventricle, in whom ventricular function was impaired, the atrial contribution (58%) to total pulmonary blood flow was higher than the rest of this group. While we found that Doppler echocardiography was useful in this study, it probably failed to detect slow and transient pulmonary regurgitation into the right atrium because of its very low velocity.
In conclusion, pulmonary artery flow after modified Fontan operation is biphasic. The atrial contribution to total pulmonary flow is greater in patients with tricuspid atresia than in those with a double inlet left ventricle. However, the importance of phasic pulmonary artery blood flow in the various subsets of patients and its long term effects on the pulmonary vasculature remain important questions for further investigation in a larger group of patients. 
